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Abstract The subchondral bone is involved in the patho-
physiology of osteoarthritis (OA), both by biochemical and
mechanical pathways. Overloaded OA subchondral bone
osteoblasts express a pro-angiogenic and pro-inflammatory
phenotype which contributes to explain the structural
changes (sclerosis and bone marrow lesion) visible in OA
subchondral bone. Further, microfractures and conjonctivo-
vascular structures constitute exchange routes between bone
and the overlying cartilage for mediators produced by osteo-
blasts. This narrative review describes these physiopatho-
logical mechanisms and identifies possible therapeutic
targets for pharmacological modalities.

Keywords Cartilage - Cytokines - Osteoarthritis -
Subchondral bone

Introduction

Osteoarthritis (OA) is considered as a global joint disease in
which all articular and periarticular tissues are involved
including synovial membrane, Hoffa’s infrapatellar fat pad,
capsule, and ligaments. Further, several OA phenotypes can
be distinguished according to the mechanical and the genet-
ic or metabolic origin of the disease suggesting the existence
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of multiple clinical forms of the disease. However, the
hallmark of OA remains a progressive degradation of carti-
lage. The progression of cartilage degradation is not linear,
but interrupted by attempts at repair suggesting that chon-
drocytes keep potential synthetic capacities even at end
stage of the disease. The mechanisms that led to cartilage
failure have been largely investigated. They primarily in-
volved an excessive production of matrix metalloprotei-
nases and aggrecanases by the chondrocytes and the
hypertrophic differentiation of chondrocytes leading to the
calcification of the cartilage matrix. Under these numerous
structural and metabolic alterations, a progressive loss of
normal mechanical properties of the joint cartilage is ob-
served, which gradually becomes less able to withstand
mechanical loads.

Beside the cartilage, the subchondral bone plays a critical
role in OA progression. The osteochondral plate is com-
posed of a thin layer of cortical bone, so-called the sub-
chondral plate, and the calcified layer of cartilage which is
separated from the adjacent articular cartilage by the tide-
mark [1]. The subchondral plate is a layer of highly vascular
cortical bone located between the calcified cartilage layer
and the trabecular bone [2]. The osteochondral plate is an
exchange area between bone and cartilage through which
the bone supplies the cartilage with nutrients. The terminal
blood vessels in the subchondral plate are directly in contact
with the deep cartilage layer [3] and provide the cartilage
with about 50 % of its glucose and oxygen requirements [2].
The subchondral bone is a bone area located below the
cartilage and formed by the subchondral plate and a 6-mm
layer of trabecular bone.

Imaging techniques have revealed many structural
changes in the osteochondral pate and subchondral bone of
OA joint. These changes are calcified cartilage thickening
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and tidemark duplication, subchondral bone sclerosis, cysts,
bone marrow lesions, and osteophytes. The question of
whether these bone changes occur prior to the cartilage
degradation and initiate the osteoarthritic disease remains
unresolved. In this review, we attempt to give a general view
of the osteochondral plate and subchondral bone modifica-
tions in OA and their role in the physiopathology of OA.

Subchondral osteoblasts have an abnormal phenotype

Subchondral bone sclerosis is characterized by a trabecular
thickening, an increase of the osteoid volume, and a de-
crease of calcium bind to collagen fiber. This abnormal
mineralization is due to the overproduction of the homotri-
meric alphal form of type I collagen by osteoblasts. This
(acl)3 type I collagen has less affinity for the calcium than
the (x1), a2 type I collagen [4, 5]. In 1999, Pelletier and
collaborators first characterized phenotypic changes in OA
subchondral osteoblasts [6—9]. They compared the synthetic
activity of osteoblasts coming from the subchondral bone of
OA with those of normal subjects. Compared to normal
osteoblasts, OA cells showed a decreased cAMP response
to PTH and an increased production of alkaline phosphatase
and osteocalcin in response to vitamin D3. Further, in basal
condition, OA osteoblasts produced more insulin-like
growth factor-1 and urokinase than normal cells. In addition,
we showed that osteoblasts coming from the thickening
(called sclerotic, SC) subchondral bone located just below
the main cartilage lesion had an increased alkaline phospha-
tase activity and produced more interleukin (IL)-6, IL-8,
osteopontin, osteocalcin, transforming growth factor
(TGF)-B1, and type I collagen than osteoblasts coming from
the non-thickening neighboring area (called non-sclerotic,
NSC) [10]. Increased Wnt signaling in the subchondral bone
can also contribute to OA development. Microarray analysis
also revealed that many of differentially expressed genes
identified in OA bone [11] or in OA bone marrow mesen-
chymal stem cells [12] are related to the Wnt/3-catenin
signaling pathway. Recently, sclerostin, a soluble antagonist
of the Wnt signaling pathway, has been shown to be de-
creased in sclerotic subchondral bone [13]. Furthermore, we
can mention that the phenotype of the osteoblasts coming
from the osteophytes has recently been investigated. In
comparison to normal subchondral osteoblasts, they pro-
duced more IL-6, IL-8, and matrix metalloproteinase
(MMP)-13 [14].

OA subchondral bone changes: osteopenia and sclerosis

A recent study analyzed subchondral trabecular bone struc-
ture in knee OA patients using 3-T MRI [15]. This study
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indicates that subchondral trabecular bone structural
changes due to OA were strongly related to attrition of
cartilage in the medial joint. As cartilage in the medial joint
decreased, bone volume fraction, trabecular thickness, and
connectivity of the subchondral bone in the medial tibia
increased. This is thought to be an adaptive response to
increased loading on the medial joint or a repair mechanism
of microfractures. These changes occurred more frequently
in the tibia than in the femur [15]. In contrast, as medial joint
cartilage decreased, in the lateral compartment, bone vol-
ume fraction, trabecular thickness, trabecular number, and
connectivity of subchondral bone decreased [15]. This is
attributed to a shift in loading on the medial joint, associated
with decreased loading on the lateral compartment and
consequently the occurrence of regional osteoporosis.

Tidemark duplication and calcified cartilage layer
thickening

Calcified cartilage layer (CCL) shows important modifica-
tion during OA. Multiple tidemarks are visible and an in-
crease of CCL thickness is observed. These changes
increase cartilage stiffness and reduce its capacity to absorb
mechanical strain. In parallel, the CCL is invaded by blood
vessels—a phenomenon associated with the hypertrophic
differentiation of chondrocytes [1]. Interestingly, in vitro,
chondrocytes cultured in alginate beads with serum undergo
a hypertrophic differentiation and produce type X collagen
and alkaline phosphatase—two markers of the hypertrophic
chondrocyte differentiation. In turn, hypertrophic chondro-
cytes synthesize high levels of vascular endothelial growth
factor (VEGF) and bone sialoprotein—two factors promot-
ing endothelial cell proliferation and migration.

Mechanical stress induces osteoblast sclerotic phenotype

We recently demonstrated that many genes expressed by
sclerotic osteoblasts are mechanosensitives [16, 17]. We
showed that compression upregulated IL-6, prostaglandin E2
(PGE,), and receptor activator of nuclear factor kappa-B
ligand (RANKL), but downregulated osteoprotegerin
(OPG) gene and protein production. These factors play a
key role in the osteoblast/osteoclast crosstalk and finely
regulate the osteoclastic activity [18]. IL-6 and PGE, stimu-
late RANKL and inhibit OPG production by osteoblasts
and increase osteoclast differentiation and activation via an
effect on the RANK/RANKL/OPG system [19]. These find-
ings show that in osteoblast-mechanosensitive genes code
for bone remodeling and angiogenic/inflammatory proteins
rather than for matrix proteins. This particular pattern could
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be associated to the formation of bone marrow lesions visible
by MRI in OA trabecular bone [20, 21].

We have also observed than SC osteoblasts are less
sensitive to mechanical stimuli than NSC ones. This lack
of sensitivity of SC osteoblasts to mechanical strains can be
explained by a decreased connexin (Cx) 43 expression.
Indeed, we have shown that Cx43 expression was decreased
by 30 % in SC osteoblasts compared to NSC osteoblasts.
Cx43 is the major gap junction present in osteoblasts and in
osteocytes. This membrane protein is very important for
osteoblast metabolism and response to mechanical strain
[22]. Thus, more than explaining the decrease of sensitivity
to load of SC osteoblasts, a decrease of Cx43 could explain
many characteristics of SC osteoblasts, as decreasing min-
eralization ability [23], response to PTH [6] and OPG
production.

Surprisingly, after a 4-h mechanical stimulation, we ob-
served that differences between NSC and SC osteoblasts are
highly reduced or even abolished. These findings also sug-
gest that the phenotypic difference observed between scle-
rotic and not sclerotic Ob in vitro could result from altered
mechanical strain occurring in situ prior to bone sampling.
Using a computational model, a recent study shows that
bone adaptation in OA can be mechano-regulated. Structural
changes occur independently from cartilage degeneration. In
conditions associated with OA, like high joint load or mala-
lignment, this group observed a bone remodeling leading to
a bone structure close to subchondral bone sclerosis
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Fig. 1 Hypothetical crosstalk between cartilage and subchondral bone
in OA. Subchondral OA osteoblasts expressed more biochemical fac-
tors like IL-6 and adipokines, which could reach articular cartilage and
alter the chondrocyte metabolism, by increasing MMPs or angiogenic
factors like VEGF. In parallel, subchondral OA osteoblasts produced
more VEGF, which could promote cartilage angiogenesis and induce
chondrocyte hypertrophy and cartilage mineralization. Furthermore,
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observed in OA patients [24]. This finding supports the
concept that subchondral bone and the overlying cartilage
form a mechanical unit responsible for the absorption of
mechanical strains. As the bone sclerosis progresses in the
subchondral bone plate, this could trigger cartilage degrada-
tion which leads to calcified cartilage thickening which in
turn contributes to further promote bone sclerosis.

Obesity and lipid involvement in subchondral bone
changes

It is now clearly established that obesity is associated with the
prevalence of symptomatic knee osteoarthritis. More surpris-
ing was the relationship between obesity and hand OA. In that
case, joint overloading can be excluded as the cause of OA.
This finding has suggested the hypothesis that beside the
mechanical factors, systemic mediators produced by fat tissue
could be involved in OA pathogenesis. Recently, the role of
adipokines in cartilage degradation was investigated. Contra-
dictory effects were observed according the adipokine tested,
but leptin and vistatin were systematically deleterious for
cartilage [25]. Leptin and several other adipokines are pro-
duced by adipocytes, but also by the osteoblasts themselves,
and play an important role in bone metabolism. In leptin
knockout mice, leptin administration increases bone density
and mineralization and cortical bone formation [26].
Mutabaruka et al. have recently shown that OA subchondral
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OA chondrocytes produced higher levels of RANKL, promoting oste-
oclast activation and increasing subchondral bone remodeling. AP
alkaline phosphatase, coll I type I collagen, /GF-1 insulin-like growth
factor-1, 7L-6 interleukin-6, MMP matrix metalloproteinase, RANKL
receptor activator of nuclear factor kappa-B ligand, VEGF vascular
endothelial growth factor
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osteoblasts overexpress leptin compared to normal cells [27].
Furthermore, they found that leptin neutralization in OA sub-
chondral osteoblasts induced a normalization of their pheno-
type as suggested by the decrease of alkaline phosphatase,
osteocalcin, type I collagen, and TGF-31 production.

Beside the leptin, Davies et al. have shown that high
serum levels of total cholesterol and triglycerides were
associated with the incidence of BMLs over 2 years [28].
This finding supports the recent physiopathological con-
cepts linking metabolic syndrome and knee OA.

Subchondral bone/cartilage crosstalk—an important
vascular subchondral network

Numerous connections between bone and cartilage have
been identified in OA joints including perforation in the
osteochondral plate and the presence of blood vessel in
some of them, microcracks through calcified cartilage layer
to subchondral bone and blood vessels invading calcified
cartilage [29]. Via these channels, humoral messengers can
be exchanged between subchondral bone and cartilage.
Westacott et al. have shown that OA osteoblasts in mono-
layer increased glycosaminoglycan release from cartilage
explants, whereas normal cells had no effects [30]. To look
at the influence of soluble mediators produced by osteo-
blasts on chondrocytes, we developed an original co-culture
model, in which OA subchondral osteoblasts in monolayer
were cultured with OA chondrocytes in alginate beads.
Using this co-culture model, we have shown that OA sub-
chondral osteoblasts from the sclerotic zone modulated
chondrocyte metabolism. The presence of SC subchondral
osteoblasts induced a decrease of aggrecan, type II collagen,
SOX-9, and parathyroid hormone-related peptide mRNA
levels in chondrocytes, but an increase of those of
osteoblast-specific factor 1, MMP-3, and MMP-13 [31, 32].

Concluding remarks and therapeutic perspectives

The osteochondral junction is involved in the pathophysiol-
ogy of OA at many levels and constitutes an attractive
therapeutic target (Fig. 1). We consider that the optimal
amount and structure of bone are found in normal bone.
Both bone resorption and bone sclerosis area have been
found in the subchondral bone of OA patients. Therefore,
the optimal treatment would be the treatment that induces a
normalization of the subchondral bone metabolism, density,
and structure. Recently, clinical trials have been initiated to
investigate the symptomatic and structural effects of
biphosphonate, strontium ranelate, and calcitonin. This ap-
proach was supported by in vitro studies reporting the
beneficial effects of these drugs on cartilage. Using a mouse
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model with an increased bone turnover, Kardi et al. have
shown that pamidronate decreased the number of osteoclasts
and the OA score [33]. Zoledronate reduced subchondral
bone loss in dogs [34], displayed chondroprotective effects
in rabbit [35], and, in rats with advanced joint degeneration,
partially restored BMD and reduced pain [36]. Recently,
zoledronate treatment in people with BMLs was associated
with reduced BMLs and improved knee pain [37]. In vitro,
strontium ranelate inhibits MMP-2 and MMP-9 expression
by subchondral osteoblasts [38]. In a 3-year placebo-
controlled trial including patients with knee OA, strontium
ranelate slows down joint space narrowing as evaluated on
standard X-ray and improves the algo-functional status of
these patients [39]. Further in vitro and in vivo studies
investigating their actions on subchondral bone are needed
before concluding on the relevance of this therapeutic
approach.
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